Diffusion-weighted (DW) and gradient echo (GE) magnetic resonance images were acquired before
and after occlusion of the middle cerebral artery (MeA) in the rat. Upon occlusion, an increase in DW imaging signal intensity was observed in a core area within the MeA territory, most likely reflecting cytotoxic edema. The signal from GE images, which is sensitive to changes in the absolute amount of deoxyhemoglobin, decreased following ischemia within a region that extended beyond the core area observed with DW imaging. This hypoin tensity is attributed to increases in blood volume and/or oxygen extraction fraction, which result from a decrease in perfusion pressure in the collaterally perfused area.
The development of an efficient therapy for focal cerebral ischemia requires knowledge of the early events that occur at the tissue level upon interrup tion of blood flow from an intracerebral artery. Upon occlusion there is a nonuniform reduction in perfusion in the territory supplied by the vessel (Olsen, 1986) . Cortical anastomoses ensure some collateral supply to the periphery of the involved area (Coyle and 10kelainen, 1982) . It is this hetero geneous perfusion that is responsible for the exis tence of different areas with specific pathological alterations, i. e. , the focus in which energy failure will promote necrosis and the penumbra in which only functional activity is compromised (Astrup et The evolution of the GE imaging signal intensity from different regions was studied for 3.5 h following the oc clusion. In the core area, the GE imaging signal returned towards baseline values after -1-2 h, while it remained stable in the surrounding area. This feature may reflect a decrease in hematocrit due to microcirculatory defect and/or a decrease in the oxygen extraction fraction due to ongoing infarction of the tissue and may indicate that tis sue recovery is severely compromised. The combined use of DW and GE imaging offers great promise for the non invasive identification of specific pathological events with high spatial resolution. Key Words: Blood oxygenation Focal cerebral ischemia-Magnetic resonance imaging.
aI. , 198 1). Noninvasive identification of these dif ferent regions would enable the assessment of the relative amounts of viable and nonviable tissue that contribute to the neurological impairment. The size of these areas may evolve within the first hours of ischemia. Monitoring the spatial extent of these re gions in the acute phase would enable the identifi cation of the tissue destined to infarction, as well as furthering our understanding of the processes that underlie this evolution.
Conventional magnetic resonance (MR) imaging detects cerebral ischemic tissue only when tissue edema has developed (Naruse et aI. , 1986 ) and therefore does not allow the early evolution of focal ischemia to be studied. With the introduction of dif fusion-weighted (DW) imaging, the detection of ischemic tissue within minutes after the onset be came possible (Moseley et aI. , 1990; Busza et aI. , 1992; van Bruggen et aI. , 1994) . The observed changes are most likely due to cytotoxic edema (Benveniste et aI. , 1992; Verheul et aI. , '1994) , which is a prerequisite for infarction but remains reversible for some time (Astrup et aI. , 1981) . The hyperintense areas on DW images enlarge during the first hours of ischemia, recruiting neighboring tissue (Roussel et ai. , 1994) . After 24 h this area constitutes the region destined to necrosis (Moseley et al., 1990; Minematsu et al., 1992) , i. e. , the isch emic focus.
Through the use of exogenous contrast agents that remain within the vasculature, MR imaging has been made sensitive to perfusion changes during ischemia. It has been shown that following partial stenosis of the middle cerebral artery (MCA) in the cat, mild perfusion deficits not sufficient to elicit a DW imaging change can be detected (Roberts et al. , 1993) . Furthermore, this approach has been used to demonstrate regions of reduced perfusion that sur round a core of DW imaging hyperintensity (Warach et al. , 1993) . However, there are a number of limitations associated with the use of contrast agents. Retention of the agent prohibits repeated perfusion measurements at short time intervals. Toxicological and hemodynamic side effects have also to be considered. It has been shown that changes in the amount of de oxyhemoglobin within the vasculature can also affect MR imaging signal intensity . MR imaging se quences based upon gradient-recalled echo tech niques have been used to detect the effects of deox yhemoglobin. Deoxyhemoglobin acts as an endog enous contrast agent by virtue of its paramagnetic properties. The sensitivity of this imaging method to respiratory challenges (Turner et al. , 1991; Hop pel et al. , 1993; Prielmeier et al. , 1994) , ischemia (de Crespigny et al. , 1992) , and functional activations (Prichard and Rosen, 1994) has been demonstrated.
In this study we have evaluated the use of a sim ilar approach to detect the mildly ischemic area that surrounds the ischemic focus. We have compared DW and gradient echo (GE) imaging signal changes that occur following MCA occlusion in the rat. The evolution of the GE imaging signal changes was as sessed for up to 4 h following occlusion.
METHODS

Animal preparation
Eight male Sprague-Dawley rats, weighing 270-330 g, were studied. All experimental procedures were per formed under gaseous anesthesia with spontaneous res piration.
Surgical preparation was carried out under halothane anesthesia (1.5-2%) in 02/N20 (33%/66%). Remote oc clusion of the MCA was performed as previously de scribed (Roussel et aI., 1994) with minor modifications. In brief, an occluding device was prepared, which consisted of a silicone embolus (length 2 mm, diameter 0.3 mm) attached to a nylon thread (diameter 0.12 mm). This de vice was inserted into the internal carotid artery via the severed external carotid artery (ECA). The part of the thread remaining outside the ECA was inserted into a catheter. The ECA stump was then pulled over the cath eter and secured. At the other end of the catheter, the nylon thread was placed between two rollers. The embo lus was then pushed towards the circle of Willis 5 mm away from the carotid canal by turning the rollers. Two silver chloride electrodes were placed subdurally on the ipsilateral hemisphere with a subcutaneous reference electrode in the neck. The DC potential changes recorded during the experiment are not reported in this article.
The rats were held rigid in a plastic frame using ear bars. Halothane concentration was reduced to 0.7-1.0%. The rat core temperature was maintained at 38-38.5°C throughout the experiment using an electrical heating blanket. The respiratory rate was monitored throughout and maintained at 90-150 beats/min by slight adjustment of the halothane concentration. Blood pressure and blood gases were not monitored in this study, but previous ex periments performed under the same conditions have shown that these variables remain within normal limits (Roussel et aI., 1994) . Occlusion was achieved by advanc ing the embolus an additional 5 mm reaching the origin of the MCA to interrupt its blood flow. Approximately 4 h after the occlusion, the rats were killed by anoxia (100% N20). Postmortem examination was performed to verify the position of the embolus within the circle of Willis.
Imaging protocol
The imaging experiments were performed at 2.35 T on a horizontal bore magnet (Oxford Instrument, Oxford, U.K.) interfaced to an SMIS console (Surrey Medical Imaging Sy�tems, U.K.). Radiofrequency pulses were de livered using a cylindrical body coil and the signals were received with a single-turn 33-mm-diameter coil placed above the skull. The two coils were decoupled from each other (Bendall et aI., 1986; Styles, 1988) . A 1-mm-thick horizontal slice 5-6 mm from the interaural line was stud ied. Shimming was performed on the free induction decay arising from this slice. DW spin echo images were ac quired before MCA occlusion and then again at 30 min and 3.5-4 h following occlusion (echo time = 80 ms; rep etition time = 3 s; no. excitations = 2; b = 1,280 s/mm 2 ;
matrix size = 128 x 128; field of view = 40 mm). GE images (echo time = 30 ms; repetition time = 100 ms; no. excitations = 4; matrix size = 128 x 64; field of view = 40 mm) were acquired continuously throughout the ex periment (including during anoxia) interrupted only by the acquisition of DW images. The flip angle was adjusted to give maximal signal on control images.
Data processing
Baseline variability arising from machine instability of unknown origin was corrected for by normalizing each GE and DW image to the mean signal intensity of the contralateral hemisphere. To achieve adequate signal-to noise ratios, successive GE images for each rat were av eraged in groups of 10. For both DW and averaged GE images, difference images were obtained by subtracting the preocclusion image from each postocclusion image. In each rat, delineation of the hyperintense area on the DW difference image and the hypointense area on the GE difference image, both calculated from images acquired appeared hyperintense. The threshold was chosen to give the clearest definition of the area, even though some pix els inside the area were under the threshold or some pix els outside were above the threshold. The high contrast between ischemic and nonischemic tissue meant that this procedure, although subjective, could be used to define the affected regions with reasonable reproducibility. These procedures gave threshold images with pixel inten sity levels of either 0 or I. For each imaging modality, the threshold images from all eight rats were added to form overlap maps, with intensity levels ranging from 0 to 8. These overlap maps provide a means of visualizing the variability in size and location of the affected areas. Coregistration of the images (to the nearest pixel) was achieved using the delineation of the hemispheres.
To estimate the size of the regions affected by ischemia on DW and GE imaging, the threshold images were fur ther processed to make the involved areas uniform. All pixels outside the areas corresponding to the hyperin tense (DW) or hypointense (GE) areas were set to 0, and those within these regions were set to 1. The pixels with a value of 1 were counted.
These processed images were also used to generate the following regions of interest (ROIs): (a) the hyperintense area on DW imaging, which will be referred to as the "focus"; (b) the area in which GE imaging intensity was decreased without any change in DW imaging (periph eral); and (c) the rest of the ipsilateral hemisphere, with no detectable changes on either GE or DW images (ipsi lateral normal). The mean intensity on GE averaged dif ference images was calculated for each region.
In the anoxia studies, the images could not be normal ized to the contralateral hemisphere because the whole brain was affected and therefore raw images were used. The mean GE imaging intensities from the ROIs de scribed and from the contralateral hemisphere were cal culated. Data are presented as means ± S.D.
Statistical analysis
Statistical analyses were performed using SAS (SAS Institute Inc., Cary, NC, U.S.A.). ROI effects were ex amined using degrees-of-freedom-adjusted (Greenhouse Geisser adjustment) mixed model analysis of variance, treating ROIs as a within-subjects factor. All pairwise comparisons between ROIs were performed using paired t tests and a critical p value obtained using the Bonferroni correction. An examination of the regional differences in the evolution of the GE imaging signal intensity during ischemia, averaged over the observation period, was achieved by performing separate linear regressions on the data obtained from each subject and by using the regres sion coefficients thus obtained in a degrees-of-freedom adjusted analysis of variance.
RESULTS
One rat died 1.5 h after occlusion of the MCA, and the experiment was cancelled in one other rat also at 1.5 h after MCA occlusion. The data from these animals were excluded from time course stud ies. In all rats, postmortem examination showed the embolus to be at the origin of the MCA. Examples of DW and GE images acquired after the occlusion are shown in Fig. 1 . In six rats, a hyperintense area appeared on the DW images ac quired 30 min after the occlusion. At 3.5-4 h this hyperintense area had slightly enlarged in four rats and decreased in one rat (one rat died at 1.5 h). The change in the average size of the hyperintense area was not significant (27 ± 10 mm2 at 30 min vs. 33 ± 12 mm2 at 4 h; n = 5). In the remaining two rats, no change in signal intensity was apparent on the DW images. In all rats, including those in which DW images did not exhibit any change, a 5-7% decrease in GE imaging signal intensity was observed imme diately upon occlusion. At � 30 min following oc clusion of the MCA, the hypointense region seen from the GE imaging was significantly larger than the hyperintense region depicted on DW images (43 ± 7 vs. 20 ± 14 mm2, respectively; n = 8; p < 0.005, paired t test). Overlap maps for each imaging modality, formed as described in Methods, are shown in Fig. 2 .
Time course of signal change in GE imaging
The time course of the changes observed on GE imaging in each ROI is shown in Fig. 3 . The initial drop in signal was assessed by considering the first (preocclusion) and second (postocclusion) time points shown on Fig. 3 . The postocclusion value is not significantly different from the preocclusion value in the ipsilateral normal region. In the periph eral area and focus, the change in signal is signifi cant (p < 0.0006 and p < 0.0004, respectively). In addition, there is a significant regional difference in the absolute intensity levels observed immediately following occlusion (p < 0.0004; second time point in Fig. 3 ). The postocclusion intensities in the pe ripheral area and the focus were not significantly different from each other, but in both of these areas, the intensities were significantly different from that in the ipsilateral normal region. The subsequent evolution of the signal intensity was examined by using the regression coefficient obtained from each individual animal in a degrees-of-freedom-adjusted analysis of variance. This yields information about the regional changes averaged over time. A signifi cant regional difference in the mean regression co efficients was obtained (p < 0.025). Subsequent cal culations showed that the time-dependent intensity change in the focus was significant (mean linear re gression coefficient significantly different from zero, p < 0.025). The changes in the ipsilateral nor mal and peripheral area were not significant. Spon taneously breathing rats were used in this study, D iffus i on -we ig hted Gradient-echo
FIG. 1. Examples of diffusion
weighted and difference-aver aged gradient echo images ob tained from three rats (rows 1-3) following occlusion of the middle cerebral artery at the 1 times indicated. Hypointensity 2 on gradient echo images extends beyond the core area of diffusion-weighted imaging hy perintensity.
3 30 min. and baseline variability observed may reflect fluc tuations in respiration.
Effects of anoxia on GE imaging
Following induction of anoxia, an initial overall drop in signal intensity was observed on the GE images. Thereafter, the signal returned progres sively toward the preanoxia values (as illustrated in Fig. 4A ). The mean preanoxia and minimum post anoxia signal intensities for the different ROIs are shown in Fig. 4B . In the contralateral, ipsilateral normal, and peripheral areas, there is a significant change in signal intensity upon anoxia. In the focus, no significant change in signal is observed.
DISCUSSION
There are three major findings in the present study: (a) Occlusion of the MCA induces a decrease 4 hours 30 min.
in GE imaging signal intensity within a region that extends well beyond the area highlighted in DW imaging; (b) after 2 h the GE imaging signal inten sity in the ischemic focus returns toward baseline values while it remains decreased in the peripheral area; (c) anoxia induces a further drop in signal in all regions except in the ischemic focus. Remote occlusion of the MCA enabled small changes in GE imaging signal «7%) to be detected. Control images acquired before occlusion in exactly the same conditions of field inhomogeneity are es sential for accurate detection of signal changes. Changes in GE imaging signal intensity are depen dent mainly upon alterations in the absolute amount of deoxyhemoglobin within the image voxel. the paramagnetic properties of deoxyhemoglobin per turb the local field in and around the blood vessels, causing signal attenuation due to spin dephasing (Thulborn et al. , 1982; Hoppel et al. , 1993) . When ventilation is normal and constant, alterations in the amount of deoxyhemoglobin can occur only in cap illaries, venules, and veins because arterial blood hemoglobin is 98% saturated (Siesj6, 1978) . Vessel orientation with respect to the applied field as well as the diameter of the vessel (Hoppel et al. , 1993) also influence the MR signal. Since the GE imaging protocol used in this study has a degree of Tl weighting, alterations in blood flow due to the inflow of unsaturated spins (Kwong et al. , 1992; Duyn et al. , 1994) may contribute to the signal changes. In seeking an explanation for the changes in signal observed in the present study dur ing ischemia, we therefore have to consider alter ations in the relative amounts of oxyhemoglobin and deoxyhemoglobin, in blood volume, and in the hematocrit at the capillary and venous levels, as well as in blood flow.
The ratio of oxyhemoglobin to deoxyhemoglobin in the capillary and venous compartments reflects the fraction of oxygen extracted by the tissue. Ox ygen extraction has been studied by calculating the difference in arteriovenous oxygen contents (Siesj6, 1978) . In the context of ischemia, local changes in the oxygen extraction fraction (OEF) J Cereb Blood Flow Metab, Vol. 15, No.4, 1995 have been measured by microspectrophotometry in experimental animals (Buchweitz-Milton and Weiss, 1987; Wei et al. , 1994) and by single photon emission computer tomography (Cordes et al. , 1989; Toyama et al. , 1990) and positron emission tomography (Powers, 199 1) in patients and ba boons. Under normal physiological conditions, the OEF remains relatively constant. When the meta bolic demand of the tissue varies, for example, dur ing functional activity, the local oxygen delivery is adjusted through changes in blood flow (Siesj6, 1978) . In the case of vascular occlusion, a small reduction in perfusion pressure is compensated for by vasodilation, so that flow remains constant. When the capacity for vasodilation is exhausted, the OEF increases and rapidly becomes maximal as the perfusion pressure falls further, and CBF de creases in parallel with the perfusion pressure (Powers, 199 1) . In focal cerebral ischemia, the core region of very low flow is surrounded by a region with a graded reduction in perfusion (Nedergaard, 1988) . This gradient of flow follows the gradient of perfusion pressure generated by the cortical anas tomoses. The adaptative mechanisms described herein are therefore expected to occur along this gradient. In the present study, the core of hyperin- ::
90 0 tensity seen from the DW images can be assumed to correspond to the area of high perfusion deficit (Busza et aI. , 1992) , where the OEF is maximal. Correlative positron emission tomography and computer tomography studies have shown that the region of elevated OEF was larger than the region of structural damage (Pozzili et aI. , 1987) . This in dicates that the decrease in GE imaging signal in the peripheral area could be explained by an increase in OEF. Changes in capillary and venous blood volume have also to be considered. As already stated, the first compensatory response to a reduction in per fusion pressure is vasodilation of resistant arteries and arterioles, resulting in an increase in cerebral blood volume. Numerous studies have demon strated increases in cerebral blood volume in con ditions of ischemia following vascular occlusion (Pozzili et aI., 1987; Cordes et aI. , 1989; Toyama et aI. , 1990; Pappata et aI., 1993) or vasospasm (Mar tin et aI. , 1984) . Although these increases in cere bral blood volume have been widely attributed to 30 60 90
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Time (min.) dilation of arteriolar resistance vessels, it has also been shown that, following a decrease in perfusion pressure, veins dilate (Auer et aI. , 1987) . In addi tion, although pial venules are less responsive than arterioles to a vasodilative stimulus (Johansson et aI. , 1985; Morii et aI. , 1986) , small changes in the diameter of venules can theoretically have a signif icant effect on blood volume because venous blood represents 70-80% of the total blood volume. It seems likely, therefore, that changes in venous blood volume, resulting from a decrease in perfu sion pressure, contribute to the GE imaging changes. A decrease in hematocrit is known to oc cur during ischemia (Kee and Wood, 1984; Mchedlishvili and Varazashvili, 1987) , but this would not contribute to the initial drop in GE im aging signal intensity, since it would decrease the amount of deoxyhemoglobin. Although the GE imaging protocol used in tois study has a degree of T1 weighting and as such is sensitive to alteration in flow, a major contribution of blood flow to the signal changes can be ruled out. The initial drop in signal is very similar in the focus and the peripheral area ( Fig. 3) . However, DW im aging changes, which define the focus, occur only when blood flow is below a threshold value (Busza et aI., 1992) . This indicates that flow in these two regions is different.
Other features support the idea that the initial decrease in signal observed with GE imaging re flects increases in cerebral blood volume and/or OEF resulting from decreased perfusion pressure.
As can be seen from the overlap maps (Fig. 2) , the area of decreased GE imaging signal intensity is similar in the eight animals studied. It has recently been shown that the MCA territory in the rat, as delineated by the location of the cortical anasto moses, is consistent between animals (Coyle and Feng, 1993) . The similarity in size and shape of these hypointense areas seen on the GE images ( Fig. 2) with the MCA territory (Coyle and Joke lainen, 1982) suggests that GE imaging demon strates the collaterally perfused area in which per-J Cereb Blood Flow Metab, Vol, 15, No.4, 1995 fusion pressure is decreased. This area is at risk of infarction (Coyle and Feng, 1993) . Although oxygen delivery may be sufficient to meet the normal met abolic demands in some of the peripheral tissue, perturbations in functional activity probably extend beyond the ischemic focus to include part of this area.
The ischemic focus was delineated using the DW imaging hyperintense area at 30 min. Although this area was slightly expanded at 4 h in some animals, it was used as a conservative delineation of the most compromised area. The decrease in GE signal observed immediately upon occlusion was similar in the focus and peripheral area for the first 1-2 h following the occlusion. The signal from the focus, however, returned toward the baseline values, while the signal from the periphery remained con stant. Once again, alterations in blood flow, venous oxyhemoglobin-to-deoxyhemoglobin ratio, blood volume, and hematocrit can account for the GE sig nal changes in the focus. It seems unlikely that recirculation could account for the return of the GE imaging signal intensity toward baseline. It would have affected the entire MCA territory, not specifically the focus. One ex planation is that the tissue has a reduced demand for oxygen. Such a phenomenon has been observed using' positron emission tomography and has been assumed to reflect tissue infarction (Wise et aI., 1983) . Recently, measurements of the OEF have been obtained at 1 and 4 h following MCA occlusion in baboons (Pappata et aI., 1993) , showing partial recovery of the OEF at 4 h. These data indicate that a similar mechanism could account for the GE im aging signal changes in the present study. This pos itron emission tomography study also suggests that although there is an initial increase in blood volume, no further change occurs between 1 and 4 h follow ing the onset of ischemia. Another possible expla nation relates to changes in the microcirculation. Decreases in hematocrit following ischemia have been reported (Kee and Wood, 1984; Mchedlishvili and Varazashvili, 1987) . Compression of capillaries due to cytotoxic edema (Little et aI., 1975; Fernando and Lau, 1978) , blood coagulation (Thomas et aI., 1993) , and platelet aggregation (Dougherty et aI., 1979 ) may all cause this micro circulatory defect. Although the time course of these microvessel obstructions has not been re ported, it seems likely that they evolve progres sively during the acute phase. These changes could therefore contribute to the recovery of GE imaging signal in the focus. Whatever its mechanism, i.e., a decrease in OEF or a microcirculatory defect, the recovery of GE imaging signal intensity is likely to indicate severe tissue damage or jeopardy and may be valuable in distinguishing reversibly and irre versibly damaged tissue. Using higher field strengths to improve the contrast between normal and ischemic tissue will identify whether the recov ery of signal is homogeneous within the focus or confined to an area smaller than that highlighted in DW images.
In the contralateral hemisphere and ipsilateral normal region, a 15% drop in GE signal occurred upon the induction of anoxia. This is in good agree ment with previous studies performed at the same field strength with transient anoxia (Prielmeier et aI. , 1993) . The decrease in signal is due to deoxy genation of the blood. The subsequent return of the signal toward baseline values probably reflects pro gressive heart failure and a decrease in blood pres sure, inducing a decrease in blood volume via a collapse of the vasculature. This hypothesis is sup ported by recent findings demonstrating that the an oxia-induced fall in signal matches the decrease in local oxygen saturation measured by spectropho tometry (Jezzard et aI., 1994) . During a period of anoxia, when the heart is stopped by KCI adminis tration, the GE signal returns toward baseline, in parallel with a drop in blood volume. In our studies, in the peripheral area, where venous and capillary blood is already deoxygenated, the further drop in signal upon anoxia probably reflects deoxygenation of the arterial blood. In the ischemic focus, anoxia does not induce a significant additional drop in sig nal. This could be attributed to the fact that because perfusion is severely compromised in this area, the replacement of local blood by fully deoxygenated systemic blood is slower than in the other regions. The decrease in blood volume would therefore tend to dominate the deoxygenation effect in the initial stage.
In conclusion, GE and DW imaging are comple mentary in the evaluation of focal cerebral isch emia. DW imaging demonstrates tissue compro mised by cytotoxic edema and therefore destined to necrose unless reperfusion is prompt. GE imaging demonstrates additional and more subtle changes, reflecting mild perfusion deficits and compensatory mechanisms. This area is at risk of being recruited into the infarct and may contribute to functional impairment while remaining viable.
